An experimental investigation has been conducted in order to evaluate whether it is possible to reduce the sensitivity of the heating effect observed in Hartmann-Sprenger Tubes by applying swirl to the nozzle flow. A reference configuration derived from literature is compared against modified cavities incorporating stems of various lengths and a setup utilizing swirl. A stem of ≈50% cavity length has been found to have a moderate effect on operating mode stability and heating effects. Subjecting a cylindrical resonator to swirling flow has demonstrated to considerably increase the amplitude of the flow oscillations, leading to detrimental effects on heating rate due to increased mass transfer from cavity to environment. The swirl configuration therefore shows potential for improving resonators used for active flow control and Hartmann-Sprenger tubes designed for larger pressure amplitudes.
Introduction
With Hydrazine being included in the EU REACH framework as a "substance of very high concern", European space industry may soon have to abandon this common satellite propellant and its derivates, or face increased procurement and regulatory costs. Alternative, less toxic fuels have been under investigation for several years. However, since none of the proposed Green Propellant combinations react hypergolic, reliable and save ignition methods are a major concern, particularly for satellite propulsion systems with long mission durations and a high number of ignitions. The Institute for Flight Propulsion at the Technische Universität München investigates various aspects of the propellants LOX/LCH4 for use in satellite and upper stage propulsion applications, with one of the key topics being resonance ignition methods for application in future green bipropellant thrusters.
Resonance ignition systems utilize Hartmann-Sprenger (HS) Tubes for heat generation, in order to provide either a hot surface or a gas torch as ignition source. Since these designs require neither movable parts, electrical systems nor external power supplies, highly reliable and lightweight igniters can be created. Although feasibility has repeatedly been demonstrated for Nitrocellulose 1) , Kerosene/Oxygen 2) and Hydrogen/Oxygen 3) 4) 5) 6) , no resonance ignition system has been developed beyond lab-scale.
One possible reason for this is the fact that initiating and maintaining the resonance conditions required for heat generation requires extensive fine-tuning of various parameters. For example the distance between resonator and nozzle has to be adapted to the nozzle pressure ratio (NPR). In practical igniter applications with fixed geometries, this leads to a high sensitivity to disturbances in system pressure and ambient conditions, reducing the reliability and reproducibility of the igniter. The current paper therefore investigates whether it is possible to extend and stabilize the operating mode and heat production of Hartmann-Sprenger tubes over larger parameter ranges by modifying the igniter design.
Fundamental HS Tube Flow Phenomena
Since the original discoveries of Hartmann 7) and Sprenger 8) more than 60 years of HS tube research has produced a wealth of information. Although an excellent overview of the extensive literature has been compiled by Raman and Srinivasan 9) , the most important flow phenomena relevant for the presented investigations are also presented here.
The investigations by Sarohia and Back 10) identify three oscillation modes with decidedly different macroscopic thermal effects. Their experimental setup, exemplary for HS tubes, can be seen in Fig. 1 . The Jet Instability Mode only occurs at subsonic nozzle pressure ratios and is related to vortex shedding originating from the nozzle lip. Since neither large heating effects nor relevant pressure amplitudes are generated it is not of further interest.
In Jet Regurgitant Mode (JRM) a series of weak compression waves enters the cavity. If the resonator is long enough these can coalesce and form strong shocks, with pressures exceeding the nozzle total pressure and falling below ambient pressure. This causes almost complete emptying and re-filling of the cavity during a single flow cycle. Although this cycle is characterized by the fundamental frequency of the resonator, in-and outflow phases have different durations. A portion of the fluid near the closed end of the tube remains in the resonator and is repeatedly compressed and expanded, causing gradual heating through irreversible effects. Consequently, no considerable heating rates can be observed for short resonators, as weak compression waves compress and expand the gas almost isentropically.
The Jet Screech Mode (JSM) is characterized by relatively weak pressure oscillations at frequencies considerably higher than the fundamental frequency of the resonator. Compared to JRM mass exchange between cavity and surrounding fluid is strongly reduced. Often an almost normal shock between resonator and nozzle can be observed, axially oscillating at high frequencies. Under certain conditions and for short resonators strong heating at local node points can be observed, suggesting that standing waves are present within the cavity. In JSM Sarohia and Back observed considerable gas heating only for short resonators, longer resonators remained at almost ambient temperatures. This observation has been confirmed by investigations at LFA 11) , but currently no satisfying explanation for this behavior exists.
Iwamato 12) could identify the necessary conditions for starting and maintaining the flow oscillations associated with JRM: a positive pressure gradient in front of the resonator and a low-pressure area near the cavity inlet edge. This can explain why neither the shape of the nozzle, nor the internal cavity geometry are relevant for achieving resonance 13) , while the geometry of the cavity inlet edge considerably affects oscillations 14) . Related to these conditions a number of measures are known which promote and stabilize the flow oscillations typical for JRM. Sprenger was able to maintain strong pressure oscillations in subsonic nozzle flows down to Ma=0.75 by introducing a thin thread perpendicular to the flow axis in the area between nozzle and cavity 8) . Brocher instead used wedges placed in front of the resonator for this purpose 15) . Hartmann obtained similar results by introducing a stem along the common nozzle-resonator-axis. 16) Hollfelder used a needle along the nozzle axis to increase the acoustic power and the NPR range under which resonance occurs 17) . Kawahashi et. al. utilized a similar needle and single-stepped resonators to achieve high heating rates. Brocher achieved high heating rates almost independent of nozzle pressure by using supersonic, adapted needle nozzles and multi-stepped resonators. More recent numerical investigations show, that even a short needle layed along the nozzle axis strongly promotes JRM by directing the flow in a slight radial direction 23) . All stabilization devices surveyed aim at reducing the homogeneity of the flow upstream of the cavity. Even though their positive effect on heating rates has been demonstrated they also introduce fragile structures into an otherwise very stable and rigid system. However, a radial non-homogenous pressure profile can also be produced by introducing swirl into the nozzle flow. Whether it is possible to achieve similar heat generation stabilization effects with swirling flow and thus offer additional design options for future resonance ignition systems is the main goal of the presented work.
Experimental Setup
As discussed in section 2, a large variety of stabilization devices and resonator designs exist. In the current study it is not desired to achieve the highest possible heating rates but to investigate the influence of different setups on the resonator oscillation mode. Since Sarohia and Back 10) explicitly report the oscillation mode and corresponding temperatures a scaled version of their original configuration forms the basis of the presented experiments. In contrast to Sarohia and Back, pressurized air is used as resonance gas. However, the influence on heating rates and oscillation cycles is expected to be negligible.
The overall experimental setup, depicted in Fig. 2 , is based on earlier investigations.
11)
Convective heat loss is reduced by encapsulating the resonator in an optically accessible chamber. Evacuating the chamber did not demonstrate to have a noticeable effect on attained surface temperatures. The nozzle is axially adjustable by an electric actuator. Temperatures are measured in the nozzle plenum, at the resonator bottom and circumference by Type K thermocouples. Far field acoustic data is measured by a MK301E microphone at 102.4 kHz. The shadowgraphy setup is adjusted for observing the area between resonator inlet and nozzle outlet. A FlowMaster 2 camera with a shutter time of 25 µs is used for image acquisition. However, in contrast to earlier setups the nozzle has been redesigned to accommodate an optional swirl generator, as well as to reduce flow distortions by internal shocks. It has also been extended to incorporate an additional Wika A-10 pressure sensor upstream of the swirl generator. An axially movable pyrometer of type Impac IGA 120 is integrated for resonator surface temperature measurement. However, due to changes in emissivity during the experiments the optical temperature data is only used for internal reference and not presented in the context of this work.
The basic resonator configuration is shown in Fig. 3 . The fixed resonator, made of high-temperature steel, can be combined with stems of various length.
Since HS tubes have been shown to exhibit strong sensitivity to gas extraction from the closed end of the cavity, 24) a press fit and high temperature sealant have been used to fix the stems. Axial heat transport and thermal inertia has been minimized by keeping the wall thickness small. The characteristic dimensions of nozzle, resonator and stems are summarized in Table 1 . The reference cavity with t/L=0 corresponds to the configuration of Sarohia and Back 10) . Configurations with t/L>1 have not been studied extensively, since strong radial oscillations of these stems did not allow for consistent measurements. The optional nozzle insert for swirl generation can be seen in Fig. 4 . The swirl number has been estimated by assuming ideal gas, incompressible flow and neglecting friction effects. By closing individual holes various levels of swirl can be obtained. The estimated resulting swirl number for the investigated configuration at NPR=4.5 can be seen in Fig. 5 . However, in the presented study only the lowest swirl configuration has been used, as this level already exhibited pronounced effects.
Experimental Results
With the reference configuration (t/L=0) the results published by Sarohia and Back can be reproduced qualitatively, as can be seen in Fig. 6 . An exact quantitative agreement cannot be expected, due to the difference in resonator material and volume-to-surface ratio. However, the discontinuous temperature increase near NPR=4, which indicates the transition from JSM to JRM, can be seen for both setups.
It is remarkable, that the temperature for the investigated configuration between NPR 3.5 and 4.0 drops almost to ambient conditions. This behavior can be reproduced reliably, but is not reported by Sarohia and Back.
At NPR=3.5 the acoustic spectrum shows several distinct peaks, as seen in Fig. 7 . In the lower band the fundamental cavity frequencies and higher harmonics -typically associated with JRM -can be identified. Additional oscillations in the 35 kHz range also occur, which indicate an intermediate state between JRM and JSM. Above NPR=3.5 the oscillation mode switches to pure JSM, with mainly high frequency screech noise at 24 kHz. At around NPR=4.2 pure JRM occurs, which is accompanied by a considerable increase in resonator temperature.
Although the superposition of JSM and JRM has not been mentioned by Sarohia and Back, their fundamental observations can still be confirmed: high heating rates for JRM, negligible temperature increase for JSM.
The effects of the implemented modifications on the achieved resonator heating rates are summarized in Fig. 8 , which shows the dependency of T1 on s/d for the investigated configurations.
Compared to the reference configuration all cavities with stem exhibit small to medium improvements in measured maximum temperatures, without drastically changing the overall sensitivity to nozzle distance. Increasing the stem length from 0 to 56 % of the cavity length continuously improves heating rate, while extending the stem further reduces the positive effect again. Similar trends have been reported by Kasper et. al. for stepped resonators operated with nitrogen, where the highest heating rates are achieved if the cavity cross section is reduced at 50 % of the total length. 25) This suggests that the increased heating observed for short stems is mainly due to focusing of shocks within the cavity.
For t/L=0.56 the drop in temperature between s/d=3 and s/d=4 is less pronounced, compared to other stem cavities. An investigation of the acoustic spectra shows that the reference configuration is in high-frequency screech mode, while both stem cavities remain in JRM, confirming that the stem enforces oscillations at lower frequencies. The lower SPL of the t/L=1 configuration corresponds to the lower endwall temperatures.
In contrast to the stem cavities, applying swirl to the reference configuration considerably alters the overall heating characteristic. Instead of two temperature peaks at s/d≈3 and ≈4 an almost constant temperature increase over a wide range can be observed, although at a severely reduced level. Fig. 10 suggests, that at s/d=3 also the cavity exposed to swirl remains in JRM, with the SPL considerably higher than for any stem configuration. This observation seems to disagree with the comparatively low heating rates obtained with swirl. Fig. 11 summarizes shadowgraphy images for the most important investigated configurations for identical s/d and NPR settings. The nozzle throat is located at the left border of the images, while the resonator cavity can be seen on the right.
The leftmost column shows instantaneous pictures of the filling phase of the cavity, confirming observations that in this mode the resonator can be described by a tube open on both sides. 12) For the t/L=1 cavity the bow shock in front of the stem can be seen, but otherwise no major differences between configurations can be observed.
Images in the third column of Fig. 11 have been obtained by averaging all image data for each configuration, subtracting the mean values from each raw picture and calculating the variance of the resulting images, thus highlighting areas of strong variations. However, since image acquisition has not been at fixed intervals or phase-locked to characteristic time scales no quantitative information can be derived from the intensities.
During the outflow phase the fluid within the cavity, as shown in column 2, is expulsed with considerable velocity, displacing the barrel shock generated by the nozzle. This pushback distance can be considered a measure for the amplitude of the pressure oscillations and the mass exchange between cavity and environment. For the reference setup the most upstream location of the displaced shock is marked red for easier comparison. It is remarkable, that for the swirl configuration the nozzle jet is displaced almost completely, suggesting that the total pressure within the cavity increases beyond the feed pressure, coupled with a subsequent evacuation of the cavity. This strongly increased mass exchange can explain the low heating rates, despite the large SPLs measured in JRM.
Conclusion and Outlook
The effects of several modifications of a reference Hartmann-Sprenger tube on oscillation cycles, jet-resonator interaction and heating rates have been investigated. By comparing resonator endwall temperatures measured by thermocouple and pyrometer with acoustic data and shadowgraphy images the Jet Regurgitant Mode oscillations is confirmed as the most effective mechanism for heat generation.
A stem of 56 % cavity length protruding from the closed resonator end has demonstrated to moderately increase heating rates and slightly reinforce JRM over a narrow s/d range. This is attributed to shock focusing within the resonator by the constriction of effective cavity cross section area. Despite using tight manufacturing tolerances and materials with high stiffness, configurations with t/L>1 exhibit large radial stem oscillations and have therefore not been evaluated.
Subjecting the reference resonator to nozzle flow incorporating small levels of swirl considerably alters jet-cavity interaction. Shadowgraphy images show strong effects during the outflow phase, where the nozzle flow is displaced farther upstream. In the acoustic spectrum larger SPLs at the fundamental resonator cavity are observed. The low heating rates for the swirl configuration are explained by the increased mass transfer between cavity and the environment. These observations suggest that the shock-induced pressure oscillations within the resonator are positively influenced by the presence of swirl. However, this can only be confirmed conclusively by direct pressure measurements in the cavity itself.
For this reason a refined setup with optical cavity access and dynamic pressure measurement is proposed. Phase-locking image acquisition to pressure or acoustic data should allow for quantitative statements regarding the duration of in-and outflow phases, as well as shock velocity. Accompanying numerical investigations may also yield additional insights, as not all desirable quantities are accessible to measurements.
Additionally, by adapting the cavity geometry to retain more fluid during the outflow phase it may be possible to translate the stronger shocks into increased heating rates, with positive effects for practical resonance ignition applications.
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